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We present the results of a new analysis of the data of the MiniBooNE experiment taking into
account the additional background of photons from ∆+/0 decay proposed in Ref. [1] and additional
contributions due to coherent photon emission, incoherent production of higher mass resonances,
and incoherent non-resonant nucleon production. We show that the new background can explain
part of the MiniBooNE low-energy excess and the statistical significance of the MiniBooNE indi-
cation in favor of short-baseline neutrino oscillation decreases from 5.1σ to 3.6σ. We also consider
the implications for short-baseline neutrino oscillations in the 3+1 active-sterile neutrino mixing
framework. We show that the new analysis of the MiniBooNE data indicates smaller active-sterile
neutrino mixing and may lead us towards a solution of the appearance-disappearance tension in the
global fit of short-baseline neutrino oscillation data.
I. INTRODUCTION
The MiniBooNE experiment [2] found a significant ex-
cess of low-energy νe-like events that could be due to
short-baseline νµ → νe oscillations generated by short-
baseline active-sterile neutrino oscillations [3–5] or to
other physics beyond the Standard Model [6–9]. How-
ever, the oscillation explanation of the MiniBooNE low-
energy excess is in tension with the data of other short-
baseline neutrino oscillations experiments [10–12] and the
non-oscillatory explanations are disfavored by other mea-
surements [13]. A possible solution of this conundrum
lies in a reevaluation of the estimated background that
can decrease the low-energy excess. Among the different
sources of background an important one is the single-
γ background that cannot be distinguished from νe-like
events in the MiniBooNE detector.
The MiniBooNE single-γ background was studied the-
oretically in Ref. [14], where it was found that it is
a factor of about 2 larger than that estimated by the
MiniBooNE collaboration. On the other hand, the later
theoretical studies in Refs. [15, 16] found an approxi-
mate agreement with the MiniBooNE estimate. How-
ever, doubts on the real value of the MiniBooNE single-γ
background still remain. They motivated the ongoing in-
vestigation in the MicroBooNE experiment at Fermilab
[17], which is able to distinguish between photon and νe
events by using a Liquid Argon Time Projection Cham-
ber (LArTPC).
In this paper we propose an increase of the estimated
MiniBooNE single-γ background that can explain part
of the MiniBooNE low-energy excess. In Section II we
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explain why we think that the estimation of the Mini-
BooNE single-γ background should be increased and we
calculate the enhancement. In Section III we discuss the
implications for short-baseline active-sterile oscillations,
and in Section IV we draw our conclusions.
II. THE MINIBOONE SINGLE-γ
BACKGROUND
In MiniBooNE the single-γ background is due mainly
to ∆ → Nγ photons produced by the decay ∆+/0 →
p/n + γ of ∆+/0’s produced in neutral-current νµ in-
teractions with the mineral oil (CH2) of the detec-
tor. The MiniBooNE collaboration estimated this back-
ground through the measurement of pi0’s that are pro-
duced by the decay ∆+/0 → p/n+ pi0, using the branch-
ing fractions [18, 19]
Br(∆+/0 → p/n+ γ) = (6.0± 0.5)× 10−3, (1)
Br(∆+/0 → p/n+ pi0) ' 2/3. (2)
Final state interactions (FSI) cause the absorption of a
fraction of the pi0’s in the carbon nucleus that was es-
timated of about 37.5% by the MiniBooNE collabora-
tion [20]1. However, in Ref. [1] one of us noted that
measurements of pi0 photoproduction on nuclei [21, 22]
indicate that the fraction of pi0’s that emerge from the
nucleus and can be observed is given by
NFSIpi0
N0pi0
=
σFSI(γ +
AN → pi0 +X)
σ0(γ + AN → pi0 +X) '
A2/3
A
= A−1/3,
(3)
1 In this paper we do not consider the new MiniBooNE data
presented in Ref. [20] because there is still no available data
release.
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2where A is the mass number of the target nucleus AN ,
σFSI denotes the measured cross section which includes fi-
nal state interactions and σ0 denotes the theoretical cross
section without final state interactions. Therefore, our
estimate of the probability of pi0 escape from the 12C
nucleus is
S˜C(pi
0) ' 12−1/3 = 0.437, (4)
that is smaller than that estimated by the MiniBooNE
collaboration [20],
SMBC (pi
0) = 0.625. (5)
According to our estimation, the number of ∆+/0 pro-
duced in neutral-current νµ interactions with
12C and
the number of γ’s generated by their decay is a factor
[S˜C(pi
0)]−1 ' 2.3 larger than that obtained from the mea-
surement of pi0’s without taking into account FSI. This
enhancement of the ∆→ Nγ background due to pi0 FSI
in the 12C nucleus is in approximate agreement with the
theoretical estimation of a factor about 2.4 in Ref. [23]
and it is larger than the factor [SMBC (pi
0)]−1 = 1.6 con-
sidered by the MiniBooNE collaboration [20].
Moreover, the MiniBooNE collaboration assumed that
“single gamma events are assumed to come entirely from
∆ radiative decay” [20], neglecting the additional contri-
butions to γ production from coherent photon emission,
incoherent production of higher mass resonances, and in-
coherent non-resonant nucleon production [15, 16]. Tak-
ing into account these contributions and our value (4) of
the probability of pi0 escape from the 12C nucleus, the
ratio of single-γ events to NC pi0 events is given by
R˜ =
N thH (∆→ Nγ) +N thC (∆→ Nγ) +N thcoh(γ) +N th(N∗ → Nγ) +N th(N → Nγ)
N˜ th,obstot (pi
0)
. (6)
The contributions in the numerator are, respectively, the
theoretically predicted numbers of single-γ events due to
∆ → Nγ in H, ∆ → Nγ in C, coherent photon emis-
sion, incoherent production of higher mass resonances
(N∗ → Nγ) and incoherent non-resonant nucleon pro-
duction (N → Nγ). The denominator is the theoretically
predicted total number of observed pi0 events. Note that
only the denominator of Eq. (6) depends on the proba-
bility of pi0 escape from the 12C nucleus, because a larger
escape probability implies a larger number of observed
pi0 events. The tilde notation indicates that N˜ th,obstot (pi
0)
corresponds to our value S˜C(pi
0) in Eq. (4) of such prob-
ability.
We can write Eq. (6) as
R˜ =
N thH (∆→ Nγ) +N thC (∆→ Nγ)
N th,obstot (pi
0)
(
N th,obstot (pi
0)
N˜ th,obstot (pi
0)
)
× (1 + f thcoh + f thN∗ + f thN ) , (7)
where N th,obstot (pi
0) is the total number of observed pi0
events estimated by the MiniBooNE collaboration us-
ing the probability of pi0 escape from the 12C nucleus
SMBC (pi
0) in Eq. (5). In Eq. (7) f thcoh, f
th
N∗ , and f
th
N are,
respectively, the theoretically predicted ratios of γ’s gen-
erated coherently, by higher mass resonances, and non-
resonant nucleon production with respect to those gener-
ated by ∆ decay. In this way, we separated these contri-
butions from the those generated by ∆ decay that were
considered by the MiniBooNE collaboration.
The first fraction on the right-hand side of Eq. (7) is
the ratio of single-γ events to NC pi0 events estimated by
the MiniBooNE collaboration:
RMB =
N thH (∆→ Nγ) +N thC (∆→ Nγ)
N th,obstot (pi
0)
= 0.0091. (8)
The second fraction on the right-hand side of Eq. (7)
can be calculated by writing it as
N th,obstot (pi
0)
N˜ th,obstot (pi
0)
=
N th,obsabs (pi
0) +N th,obsnoabs (pi
0)
N˜ th,obsabs (pi
0) +N th,obsnoabs (pi
0)
, (9)
where N th,obsabs (pi
0) and N˜ th,obsabs (pi
0) are the theoreti-
cally predicted numbers of observed pi0 produced in
processes with absorption of pi0 in the C nucleus,
whereas N th,obsnoabs (pi
0) is the theoretically predicted num-
bers of observed pi0 produced in processes without ab-
sorption of pi0 in the C nucleus. Note that only
N th,obsabs (pi
0) and N˜ th,obsabs (pi
0) depend on the probability
of pi0 escape from the 12C nucleus and are given by
N th,obsabs (pi
0) = N th,prodabs (pi
0)SthC (pi
0) and N˜ th,obsabs (pi
0) =
N th,prodabs (pi
0)S˜thC (pi
0). Therefore, we can write Eq. (9) as
N th,obstot (pi
0)
N˜ th,obstot (pi
0)
=
1 +
N th,obsnoabs (pi
0)
N th,obsabs (pi
0)
S˜thC (pi
0)
SthC (pi
0)
+
N th,obsnoabs (pi
0)
N th,obsabs (pi
0)
. (10)
We obtained the value of N th,obsnoabs (pi
0)/N th,obsabs (pi
0) from
the contributions to the MiniBooNE pi0 event sample
given in Ref. [20]:
N th,obsnoabs (pi
0)
N th,obsabs (pi
0)
' 0.496. (11)
3ν mode ν¯ mode
EQEν (GeV) [0.2,0.3] [0.3,0.475] [0.475,1.3] [0.2,0.3] [0.3,0.475] [0.475,1.3]
f thcoh 0.09 0.13 0.06 0.16 0.16 0.07
f thN∗ 0.02 0.02 0.13 0.03 0.02 0.13
R˜/RMB 1.52 1.56 1.61 1.62 1.61 1.62
TABLE I. Estimations of f thcoh and f
th
N∗ from Table 2 of Ref. [16] in three ranges of reconstructed neutrino energy E
QE
ν in the ν
and ν¯ modes of the MiniBooNE experiment, and the corresponding values of the enhancement factor R˜/RMB that we obtained
considering f thN ' 0.1 [15] and our value (4) of the probability of pi0 escape from the 12C nucleus.
The resulting enhancement factor of the MiniBooNE
single-γ background is
R˜
RMB
' 1.25 (1 + f thcoh + f thN∗ + f thN ) . (12)
The authors of Ref. [16] calculated the number of single
photon events from neutral current interactions at Mini-
BooNE. From their Table 2 we obtained the estimates of
f thcoh and f
th
N∗ in Table I, considering three ranges of E
QE
ν
in the ν and ν¯ modes of the MiniBooNE experiment. For
f thN we considered the 10% value estimated in Ref. [15].
As shown in Table I, we find an enhancement R˜/RMB
of the single-γ background in MiniBooNE by a factor be-
tween 1.52 and 1.62 depending on the energy range and
neutrino or antineutrino mode of the MiniBooNE exper-
iment. This increase of the single-γ background can ex-
plain in part the low-energy MiniBooNE excess, because
its largest contribution occur in the lowest energy bins,
as one can see from Figures 1(a) and 1(b) that repro-
duce the MiniBooNE event histograms in neutrino and
antineutrino mode in Refs. [2, 24].
Figure 1 shows a comparison of the standard Mini-
BooNE event histograms (Figures 1(a) and 1(b)) with
those obtained with our reevaluation of the single-γ back-
ground (Figures 1(c) and 1(d)). One can see that in the
reproductions 1(a) and 1(b) of the original MiniBooNE
histograms the low-energy bins show a large excess with
respect to the background prediction. The excess is
significantly reduced with our enhanced single-γ back-
ground. Only the first energy bin remains with a large
visible excess.
The improvement of the fit of the MiniBooNE data
is quantified by χ2/NDF = 36.9/22, corresponding to a
goodness-of-fit of 2% obtained with the enhanced single-
γ background, compared to χ2/NDF = 53.0/22, corre-
sponding to a goodness-of-fit of 0.02%, obtained in the
standard analysis of MiniBooNE data.
III. SHORT-BASELINE NEUTRINO
OSCILLATIONS
The reevaluation of the low-energy MiniBooNE excess
has important implications for the interpretation of the
MiniBooNE data in terms of short-baseline neutrino os-
cillations due to active-sterile neutrino mixing. In the
following we consider the 3+1 scenario in which in addi-
tion to the three standard light massive neutrinos ν1, ν2,
ν3, with respective masses m1, m3, m3, there is a heavier
neutrino ν4 with mass m4. The masses of the three stan-
dard light massive neutrinos have small separations, de-
termined by the measurements of solar, atmospheric and
long-baseline oscillations: ∆m221 ' 7.4 × 10−5 eV2 and
|∆m231| ' 2.5×10−3 eV2, with ∆m2ij ≡ m2i−m2j . A much
larger squared mass difference ∆m241 ' ∆m242 ' ∆m243 &
0.1 eV2 can generate short-baseline
(−)
νµ → (−)νe oscillations
that may explain the LSND and MiniBooNE anomalies,
as well as other indications of short-baseline neutrino os-
cillations [3–5]. The probability of short-baseline
(−)
νµ →(−)νe
oscillations is given by
P SBL(−)
νµ→
(−)
νe
= sin22ϑeµ sin
2
(
∆m241L
4E
)
, (13)
where E is the neutrino energy, L is the source-detector
distance, and sin22ϑeµ = 4|Ue4|2|Uµ4|2, where U is the
4× 4 unitary mixing matrix.
Figure 2 shows a comparison of the standard allowed
regions in the (sin22ϑeµ,∆m
2
41) plane obtained from the
analysis of the MiniBooNE data and those obtained with
our enhanced single-γ background. The goodness-of-fit
and the best-fit values of the oscillation parameters are
listed in Table II, and the best fit event histograms are
shown in Figure 1. The difference between the χ2min
with oscillations and the χ2 without oscillations is 30.2
and 16.0, without and with our enhanced single-γ back-
ground, respectively. Taking into account that there is
a difference of two degrees of freedom corresponding to
the two fitted oscillation parameters sin22ϑeµ and ∆m
2
41,
the statistical significance of the MiniBooNE indication
in favor of oscillation decreases from 5.1σ to 3.6σ with
the introduction of our enhanced single-γ background
(the corresponding χ2 probabilities of the background-
only fit relative to the best oscillation fit are 2.8 × 10−7
and 3.4× 10−4)2.
2 In Ref. [2] the MiniBooNE collaboration obtained a probability
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FIG. 1. Comparison of a reproduction of the MiniBooNE event histograms in (a) neutrino and (b) antineutrino mode from
Refs. [2, 24] with our versions (c) and (d) obtained with the enhanced single-γ background due to A1/3 pi0 FSI in 12C, coherent
photon emission, incoherent production of higher mass resonances, and incoherent non-resonant nucleon production. The blue
and red lines show, respectively, the expectations for neutrino oscillations corresponding to the best fit in Table II (almost
maximal mixing) and the case of small mixing with sin22ϑeµ = 2.5× 10−3 and ∆m241 = 0.8 eV2.
From Figure 2 one can see that the allowed regions
in the (sin22ϑeµ,∆m
2
41) plane change significantly by
of the background-only fit relative to the best oscillation fit of
6× 10−7, which corresponds to 5.0σ. The small difference with
our result is due to a different analysis of the data performed by
the MiniBooNE collaboration with respect to that recommended
in their data release [25]. In particular, they considered only the
data below 1250 MeV because that upper limit “was chosen by
the collaboration before unblinding the data in 2007” [2]. We
have no reason to implement this restriction.
taking into account our enhanced single-γ background.
Although the best fit remains at quasi-maximal mix-
ing, there is an extension of the allowed regions towards
small values of the mixing parameter sin22ϑeµ. In par-
ticular, the 3σ allowed region becomes a band that al-
lows small values of sin22ϑeµ of the order of 10
−3 for
∆m241 & 0.4 eV2. This is beneficial, because large active-
sterile mixing is disfavored by solar, atmospheric and
long-baseline neutrino oscillation data [3–5].
The values of the goodness-of-fit in Table II show that
the fit of MiniBooNE data with the enhanced single-γ
5sin22ϑeµ
∆m
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FIG. 2. Contours enclosing 1σ (solid), 2σ (dashed), and 3σ
(dotted) allowed regions in the (sin22ϑeµ,∆m
2
41) plane ob-
tained from the analysis of MiniBooNE data without (blue)
and with (red) our single-γ background enhancement.
background is better than the one without, although the
difference is small. However, it is more important that
the “Small mixing” event histograms in Figure 1 show
that the small number of signal events resulting from the
small mixing sin22ϑeµ = 2.5 × 10−3 can fit better the
low-energy data with our enhanced single-γ background.
Only the excess in the first bin is not well fitted.
It is interesting to compare the results of our new fit
of the MiniBooNE data with the indication of the LSND
experiment [26] in favor of short-baseline ν¯µ → ν¯e os-
cillations. Figure 3 shows a comparison of the com-
bined LSND and MiniBooNE allowed regions in the
(sin22ϑeµ,∆m
2
41) plane obtained without and with the
enhanced single-γ background. One can see that the
changes are similar to those for MiniBooNE alone (shown
in Figure 2): there is a clear shift of the allowed regions
towards small mixing. In particular, the allowed region
with small mixing around ∆m241 ≈ 2 eV2 may be compat-
ible with indications of short-baseline ν¯e disappearance
due to active-sterile neutrino mixing found in reactor ex-
periments [4, 27–32].
Finally, we investigated the effects of the analysis of
MiniBooNE data with the enhanced single-γ background
on the global fit of the data of short-baseline
(−)
νµ →(−)νe os-
cillation experiments. Besides MiniBooNE and LSND,
we considered the data of the BNL-E776 [33], KARMEN
[34], NOMAD [35], ICARUS [36] and OPERA [37] exper-
iments, as done in Ref. [12]. Figure 4 shows a compari-
son of the global allowed regions in the (sin22ϑeµ,∆m
2
41)
plane obtained without and with the enhanced single-γ
sin22ϑeµ
∆m
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FIG. 3. Contours enclosing 1σ (solid), 2σ (dashed), and
3σ (dotted) allowed regions in the (sin22ϑeµ,∆m
2
41) plane
obtained from the analysis of LSND and MiniBooNE data
without (blue) and with (red) the enhanced single-γ back-
ground.
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FIG. 4. Contours enclosing 1σ (solid), 2σ (dashed), and 3σ
(dotted) allowed regions in the (sin22ϑeµ,∆m
2
41) plane ob-
tained from the global analysis of the data of
(−)
νµ →(−)νe oscilla-
tion experiments without (blue) and with (red) the enhanced
single-γ background in the analysis of MiniBooNE data.
background in the analysis of MiniBooNE data. One
can see that there is again a shift of the allowed re-
6χ2min
NDF
GoF
∆m
2(bf)
41
sin2 2ϑ
(bf)
eµ
MB
22.8
20
30%
0.0417
0.98
M˜B
20.9
20
40%
0.0372
0.98
LSND+MB
29.5
25
24%
0.046
1.00
LSND+M˜B
21.8
31
89%
0.0398
1.00
App+MB
81.1
69
15%
0.58
0.0065
App+M˜B
72.3
75
57%
0.692
0.004
TABLE II. Minimum χ2, number of degrees of freedom (NDF) and Goodness of Fit (GoF) of the analyses of the data of
short-baseline
(−)
νµ →(−)νe experiments discussed in the text without (MB) and with (M˜B) our enhanced single-γ background in
MiniBooNE. ∆m
2(bf)
41 and sin
2 2ϑ
(bf)
eµ are the best-fit values of the corresponding oscillation parameters.
gions towards small mixing. Although the shift of the
best-fit point towards small mixings is not large, there
is a much larger shift of the allowed regions, that reach
sin22ϑeµ ≈ 6×10−4 at 3σ for ∆m241 ≈ 2 eV2. This shift is
beneficial for a decrease of the appearance-disappearance
tension in the global fit of short-baseline neutrino oscil-
lation data in terms of 3+1 active-sterile neutrino mix-
ing [10, 12, 27, 28, 38–49].
For example, the 3σ upper limit from disappearance
data in Figure 7 of Ref. [28] is about sin22ϑeµ . 6×10−4
at 3σ for ∆m241 ≈ 1.3 eV2, that is about the same as
the 3σ lower limit sin22ϑeµ & 6 × 10−4 in Figure 4 for
the same value of ∆m241. It is clear that there is still a
considerable appearance-disappearance tension, but it is
significantly smaller than that obtained in Ref. [28].
The disappearance bound in Figure 5b of Ref. [3] is
weaker than that obtained in Ref. [28], with an upper
limit sin22ϑeµ . 10−3 at 3σ for ∆m241 ≈ 1.3 eV2, that is
compatible with the 3σ allowed region in Figure 4.
IV. CONCLUSIONS
In conclusion, we have shown that a reassessment of
the single-γ background from ∆+/0 decay in the Mini-
BooNE experiment taking into account the effect of A1/3
pi0 FSI proposed in Ref. [1] and additional contributions
to the single-γ background can explain in part the low-
energy MiniBooNE excess. In absence of physics beyond
the standard three-neutrino mixing, our enhanced single-
γ background leads to a better fit of the data, with a
goodness-of-fit of 2%, with respect to the standard anal-
ysis, that has a goodness-of-fit of 0.02%. However, the
MiniBooNE data are still fitted in a better way consid-
ering short-baseline
(−)
νµ → (−)νe oscillations due to active-
sterile neutrino mixing, albeit the statistical significance
of the indication in favor of oscillation decreases from
5.1σ to 3.6σ. We have shown that in the 3+1 framework
the new analysis of the MiniBooNE data allows smaller
values of active-sterile neutrino mixing with respect to
the standard analysis. This shift towards small active-
sterile neutrino mixing is beneficial towards a possible
solution of the appearance-disappearance tension in the
global fit of short-baseline neutrino oscillation data.
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